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Molecular view of the isothermal transformation of a stable glass
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We have used neutron reflectivity to measure translational motion on the nanometer length scale in
exceptionally stable glasses of tris(naphthylbenzene). These glasses are prepared by vapor
deposition onto a substrate held somewhat below the glass transition temperature (7,=342 K).
When the most stable samples are annealed at 345 K, no translational motion is observed on the
12 nm length scale for over 10 000 s and full mixing requires more than 60 000 s. For comparison,
the equilibrium supercooled liquid mixes in 1000 s at this temperature and on this length scale.
These measurements provide insight into the mechanism by which a stable glass transforms into a
liquid. “Melting” of the stable glass appears to occur by the growth of liquid regions into the
surrounding glassy matrix, perhaps by a surface-initiated growth process. At 345 K, translational
motion in the stable glass is at least 100 times slower than motion in the supercooled liquid. © 2008

American Institute of Physics. [DOI: 10.1063/1.2919570]

INTRODUCTION

While a typical organic molecule has one liquid state and
perhaps a few different crystal states, it can form a vast num-
ber of distinct glasses. Glasses are typically prepared by
cooling a liquid. During cooling, the system undergoes ki-
netic arrest when the structural relaxation time of the liquid
exceeds the time available for equilibration. Below this tem-
perature which is known as the glass transition temperature

T,, the molecules cannot reach configuration characteristics
of the (metastable) equilibrium supercooled liquid. Glasses
prepared at different cooling rates have different enthalpies,
densities, and structures.

Glasses with low enthalpies and high densities are par-
ticularly interesting materials. In many senses, they are more
stable than other glasses. For example, such glasses are less
susceptible to environmental perturbations such as water
uptake,1 and they exhibit greater dimensional stability.2
When heated, the molecules remain trapped in a particular
glassy structure longer than for less stable glasses Unfortu-
nately, it is not easy to prepare glasses with low enthalpies
and high densities by cooling a liquid or aging a glass. Mo-
lecular rearrangements in a glass are extremely slow and
these rearrangements are required for a less stable glass to
spontaneously transform into a more stable glass. Kovacs has
performed perhaps the best-known aging measurements,
studying volume changes in polyvinylacetate glasses.4 He
was able to prepare highly relaxed glasses after 2 months of
isothermal annealing at 298 K (~T,-10 K). These materials
were 0.5% more dense than the glass that formed immedi-
ately after cooling the polymer liquid at a few K/min.

Recently, we have shown that extremely stable glasses
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can be prepared by vapor deposition.3’5’6 By holding the sub-
strate temperature Ty SOmewhat below 7,, we have
made glasses with very low enthalpies, high kinetic stabili-
ties, and high densities. For example, a thin glassy film of
tris(naphthylbenzene) (TNB) was prepared with a density
1.7% larger than the conventional glass prepared by cooling
the supercooled liquid.3 The characteristics of these vapor-
deposited glasses sensitively depend on the substrate tem-
perature, with maximally stable films produced at Tpgrqe
~0.85T,. We have shown that these stable glasses form be-
cause dynamics at the glass surface are many orders of mag-
nitude faster than dynamics in the bulk.>>° This mobility
means that molecules within a few nanometers of the surface
have enough time to find efficient ways of packing before
they are buried by further deposition. Studies of other small
molecule organic glass formers have recently indicated that
maximum stability is achieved at a substrate temperature
near 0.85Tg, indicating that this is a critical parameter in the
preparation of stable glasses by physical vapor deposition.s’7

Here, we investigate the properties of vapor-deposited
TNB glasses by using neutron reflectivity (NR). Alternating
layers of protio- and deuterio-TNB are vapor deposited to
produce a diffraction grating for neutrons. Multiple diffrac-
tion peaks are measured, extending up to the 17th harmonic
in some cases. As the protio and deuterio layers intermix, the
diffraction intensity is attenuated, allowing a quantitative as-
sessment of translational motion on the nanometer length
scale in real time.

Samples of TNB vapor deposited with Tgypgrae = 0.85T,
show a remarkable resistance to translational motion during
isothermal annealing at 345 K; no motion was observed on
the 12 nm length scale even after 10 000 s. Samples depos-
ited with Tpgae =T, in contrast, showed a complete mix-

© 2008 American Institute of Physics

Downloaded 09 Jun 2008 to 129.6.122.130. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.2919570
http://dx.doi.org/10.1063/1.2919570
http://dx.doi.org/10.1063/1.2919570

214514-2 Swallen et al.

(O )
B ¢

FIG. 1. Structure of 1,3-bis-(1-naphthyl)-5-(2-naphthyl)benzene, or tris-
naphthylbenzene (TNB). Left image is a planar view drawn for clarity, while
the right image depicts the three dimensional structure of a low energy
conformation.

ing on this time and length scale; this result is indicative of
the dynamics of a supercooled liquid of TNB. Even faster
mixing was observed for samples deposited at 0.567,. These
trends with substrate temperature are consistent with the ki-
netic stability reported for TNB and indomethacin based on
differential scanning calorimetry measurements.” The NR re-
sults for the most stable glasses require that translational mo-
tion in these materials is extremely slow, at least 100 times
slower than translational motion in the supercooled liquid at
the same temperature. The higher density and more efficient
packing of the stable glass are responsible for this kinetic
stability.

A striking feature of the NR results for the most stable
TNB glasses is that the diffraction intensity at all the differ-
ent diffraction orders decay on the same time scale. This
wavevector independent structural reorganization indicates
that the extremely long times required for translational mo-
tion should not be interpreted as Fickian diffusion with a
small diffusion coefficient. Rather we are measuring how
long it takes a stable glass to “melt” into the supercooled
liquid. For glasses prepared by cooling a supercooled liquid,
“melting” back to the liquid is quite rapid once the sample is
heated above T, and generally occurs before the temperature
can even be stabilized, obscuring the mechanism of this
transformation. In contrast, vapor-deposited stable glasses re-
tain their molecular structure for long periods even above 7.
We argue that the wavevector independent structural reorga-
nization should be interpreted as the growth of liquid regions
into the stable glass matrix. One possible mechanism is
analogous to the melting of a superheated crystal, where lig-
uid appears first at the surface and then grows into the stable
glass from the outside.

EXPERIMENTAL METHODS

The syntheses of 1,3-bis-(1-naphthyl)-5-(2-naphthyl)
benzene and 1,3-bis-(1-naphthyl-d;)-5-(2-naphthyl)benzene
have been recently described.*” We will refer to these as
protio- and deuterio-TNB, respectively. The molecular struc-
ture of TNB is shown in Fig. 1. The molecule is nonplanar,
and its intramolecular conformational dynamics have been
studied via NMR spectroscopy and molecular mechanics
calculations.’

Plazek used dilatometry to determine 7', for protio-TNB
by cooling the liquid at 1 K/min and reported a value of
342 K.'"""" This value has been widely used in the literature,
and we use it here as a convenient reference temperature for
the TNB system; in this paper, we do not use 7|, to describe
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FIG. 2. (Color online) Normalized NR data for a TNB sample vapor depos-
ited at Typsrae=242 K. Fits (not shown) indicate very sharp interfaces
(about 1.5 nm) between protio- and deuterio-TNB. The inset shows the
structure of the multilayer films, with five repeating protio/deuterio bilayers.
Each layer is ~30 nm. The substrate is a 3 mm thick silicon wafer with
native oxide layer.

the state of a particular sample with a particular thermal his-
tory. We have performed differential scanning calorimetry
measurements on both protio-TNB and deuterio-TNB. After
cooling the protio-TNB liquid at 40 K/min to form the glass,
we find an onset temperature of 347 K upon heating at
10 K/min. Isotopic substitution influenced the onset tem-
perature by less than 1 K.> We assume that protio- and
deuterio-TNB form thermodynamically ideal mixtures: these
two species are completely miscible and have identical dy-
namics in these mixtures. Evidence supporting these assump-
tions has been presented elsewhere.'?

Thin films of TNB were prepared by physical vapor
deposition. Samples were deposited onto 76 mm diameter,
3 mm thick silicon wafers (Wafer World and Virginia Semi-
conductor). The silicon was used as-received with the native
oxide coating. During deposition, the substrate was held at
specified temperatures from 192 to 337 K (0.567,—0.99T,)
using a Lakeshore 340 controller with platinum four-wire
RTD sensors. The pressure in the vacuum chamber was
~3 X 1078 torr before and during the evaporation procedure.
Following deposition, the samples were slowly returned to
room temperature and held for 1-3 days before being an-
nealed near T,. The vapor deposited samples contain no de-
tectable impurities as judged by 7, and Tm.3’5

For the NR measurements reported here, a repeating bi-
layer structure of protio- and deuterio-TNB was vapor depos-
ited with 10 total layers and a composite thickness of about
300 nm, as shown in the Fig. 2 (inset). Layer thicknesses
were monitored during deposition using a quartz crystal mi-
crobalance. Samples were prepared either with a deposition
rate of ~1.2 or ~2.5 A/s. The deposition rate was con-
trolled by the temperature of a quartz crucible containing the
crystalline source material. For example, a layer of deuterio-
TNB would be deposited by increasing the temperature of
the appropriate crucible until the desired deposition rate was
established; the crucible temperature was lowered as that
layer approached the desired thickness. This procedure con-
serves TNB but does result in lower deposition rates at the
beginning and ending of each layer’s deposition. Values for
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the total film thickness were determined by ellipsometry, NR,
x-ray reflectivity (XR), and the quartz crystal microbalance;
the various methods agreed to within 10%.

The NR experiments were conducted at the NIST Center
for Neutron Research at the National Institute of Standards
and Technology. The NG7 horizontal reflectometer utilized a
476 A collimated neutron beam with a wavelength diver-
gence of 0.18 A. The angular divergence of the beam was
varied through the reflectivity scan and this provided a rela-
tive g resolution dq/q of 0.04, where g=4 sin(6)/\, and 6
is the incident and final angle with respect to the surface of
the film. Samples were measured during annealing using an
in-line oven. The temperature was held constant to within
*0.1 K during the annealing process, which ranged up to
48 h. The samples and heating oven stabilized at the anneal-
ing temperature within 5 min, at which point the first scan
was started. Scans were made over a wavevector (g) range
from 0.01 A~! to a maximum of 0.17 A~!, with a typical
duration of 30 min/scan. Conversion of the NR spectra, such
as shown in Fig. 2, to real-space concentration profiles was
done using the REFLFIT program provided by NIST. The
thickness of each layer in a given sample was determined by
fitting the NR measurements for the first scan obtained dur-
ing annealing. These thickness values were used in fits of
subsequent reflectivity measurements on the same sample.

The total thickness of some of the TNB films was mea-
sured before and after annealing using XR at NIST. XR ex-
periments were done on a Bruker AXS diffractometer. A
monochromatic x-ray beam (\=1.54 /0\) was collimated with
slits which gave an angular resolution of #=0.000 14 radi-
ans, such that interference fringes from films as thick as
350 nm could be easily resolved.

RESULTS
Neutron reflectivity

NR was used to measure the concentration profiles of
isotopically labeled multilayer thin films (see inset in Fig. 2).
The high degree of contrast for neutron scattering between
protons and deuterons makes this an ideal technique for
monitoring translational motion on molecular length scales.
Reflectivity data can be measured in sifu during annealing to
directly follow the evolution of the protio-/deuterio-
concentration profile. Detailed information about the NR
data and analysis of these multilayer samples has been pre-
viously given.12

Figure 2 shows the specular NR of a multilayer TNB
sample vapor deposited onto a silicon substrate held at
242 K. One can think of the multilayer protio/deuterio struc-
ture as a diffraction grating for neutrons.'” "> Because the
interfaces are sharp, many Bragg peaks are evident, extend-
ing out to the 17th harmonic. Only odd harmonics are promi-
nent as expected for a sample in which every protio and
deuterio layer has the same thickness. To a first approxima-
tion, each peak contains information about the amplitude of
the Fourier transform of the concentration profile at a par-
ticular wavevector g. The fundamental period of the depos-
ited structure is 60 nm, and the peak associated with this is
located at the far left of Fig. 2. The peaks at higher g give
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information on consecutively smaller length scales, corre-
sponding to d=2/q. Fits to the data in Fig. 2 indicate an
average interfacial breadth of 1.5 nm; this value represents
the full width at half height of the derivative of the interfacial
concentration profile. Similar values (1-2 nm) are obtained
for the roughness of the TNB/air interface by XR. These
results suggest that each successive layer filled in depres-
sions in the previous layer but that no further intermixing of
the layers occurred during the deposition process. Samples
prepared at higher substrate temperatures typically show
somewhat broader interfaces, as reported carlier.” These
broader interfaces indicate that additional isotopic mixing
occurred during deposition as a result of surface mobility. As
discussed below, stable glass formation occurs as a result of
this surface mobility during the deposition process.

These NR experiments only provide information about
molecular motion perpendicular to the plane of the film. For
high molecular weight polymers in thin films, molecular mo-
bility in the plane of the film may be different than out-of-
plane motion'®!” because spatial confinement leads to aniso-
tropic molecular geometries. Because of its small size and
nonpolymeric nature, TNB is not expected to exhibit aniso-
tropic mobility except within a few nanometers of the film
surface.

Decay of the structure factor S(q;t)

A useful metric for kinetic stability is the time required
for a well-defined concentration profile to decay during iso-
thermal annealing. As translational motion blurs the inter-
faces between protio- and deuterio-TNB layers, the intensity
of the Bragg peaks will decrease. This can be measured at
each wavevector, giving access to the time-dependent struc-
ture factor S(q;1).

Figure 3(a) shows the evolution of the NR for a
multilayer sample vapor deposited onto a substrate whose
temperature was held near T, (Tbsrare=330 K). This sample
was annealed at 342 K and NR data were continuously col-
lected, with each scan taking about 30 min. The data have
been multiplied by q4; this removes the Fresnel reflection
associated with any flat interface and improves the clarity of
presentation. As discussed elsewhere'? for samples of this
structure, the peak height of the third and higher harmonics
is approximately related to the square of the amplitude of the
Fourier transform of the concentration profile at a particular

q:

Rpeak - Rbackground ~ |: S(q’t) :|2. (1)

S(q:0)

Here, Rpcq and Ryyckgrouna indicate the reflectivity values at a
peak and the corresponding background reflectivity.

In Fig. 3(a), the decay of the five peaks indicates a
gradual blurring of the interfaces between protio- and
deuterio-TNB over the roughly 10 h of annealing shown.
When a peak decays completely, it indicates that the protio-
and deuterio-TNB have become homogeneously mixed on
the corresponding length scale. As previously discussed,'?
samples vapor deposited near 7, behave as the equilibrium
supercooled liquid during annealing. As shown in Fig. 3(a),

(Rpeak - Rbackground) =0
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FIG. 3. Time evolution of NR curves during annealing for samples depos-
ited at Typae=330 K (a), 294 K (b), and 242 K (c). Each scan from ¢
=0.01 to 0.09 A~! required about 30 min, with a total experimental time of
about 15 h. Samples (a) and (b) were annealed at 342 K, while (c) was
annealed at 345 K. For clarity, the data have been multiplied by ¢* to re-
move the Fresnel reflection.

the diffraction peaks decay more rapidly as g increases, as
expected for Fickian diffusion. The fundamental peak is satu-
rated by multiple scattering events and thus the relationship
between its height and S(g;7) is more complicated than indi-
cated in Eq. (1), making it difficult to extract quantitative
information about mixing on the 60 nm length scale.

Influence of substrate temperature

Figure 3(b) shows NR curves for a multilayer TNB
sample vapor deposited at 294 K (0.85T,). In this case, the
annealing temperature was 342 K and the total annealing
time shown is about 18 h. Samples deposited at 294 K show
a remarkable stability compared to those deposited at higher
temperatures [such as Fig. 3(a)]. No relaxation of the con-
centration profile takes place over the many hours of anneal-
ing, indicating that no translational motion is occurring, even
on the 10 nm length scale. We emphasize that the only dif-
ference in the preparation of the samples shown in
Figs. 3(a) and 3(b) is the substrate temperature during vapor
deposition.

J. Chem. Phys. 128, 214514 (2008)
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FIG. 4. (Color online) The time-dependent structure factor for multilayer
samples annealed at 345 K. Samples were deposited at the indicated tem-
peratures. The structure factor is evaluated for the third harmonic Bragg
peak, at ¢=0.030 A~!. The inset shows the relaxation time 7, plotted as a
function of the substrate temperature during vapor deposition.

Figure 3(c) shows the NR curves that result when
Toupsuae 18 decreased further to 242 K. Here, a substantial
decay is observed for all the peaks, although less decay oc-
curs than in Fig. 3(a). Note that decay in Fig. 3(c) is quali-
tatively different than in Fig. 3(a), with all of the peaks de-
caying on similar time scales. This feature is clearly
inconsistent with Fickian diffusion. The higher annealing
temperature used to collect these data (345 K) as compared
to other two panels in Fig. 3 (342 K) does not affect these
qualitative conclusions.

While the panels in Fig. 3 illustrate the qualitative fea-
tures of protio-/deuterio-TNB mixing in multilayer samples,
quantitative comparisons between samples prepared with dif-
ferent substrate temperatures are more easily made in the
format of Fig. 4. Here, we show the decay of the third har-
monic (g=0.03 A~") for vapor-deposited samples annealed
at 345 K. We characterize these curves by the time required
to decay to 1/e of the initial value, 7,,. A strong dependence
of 71/, on Tgupsirare 15 Observed. As Ty peare 1S lowered from
337 to 294 K, the 3rd harmonic peak decays more and more
slowly, with 7, increasing from 2000 to 50 000 s (see in-
set). Further lowering of T psrae Causes the third harmonic
peak to decay more quickly. At the lowest T rae Studied
(192 K=0.56Tg), the third harmonic decays even faster than
for the 337 K deposition.

Figure 4 shows that the functional form of the decay of
S(g;t) is qualitatively different for the most stable samples
(substrate temperatures between 307 and 262 K). These
samples show superexponential decays, with an apparent in-
duction or onset time before any translational motion occurs.
These samples also show additional plateaus in the decay of
the structure factor, indicating either a spatially heteroge-
neous process or a highly complex relaxation mechanism.
While these plateaus are a common feature in the NR data
for stable samples, we would need to perform more deposi-
tions and measurements under identical conditions before we
can make any quantitative statements about the reproducibil-
ity of these features. The stability of glasses formed by vapor
deposition sensitively depends on the rate of deposition as
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FIG. 5. Structure factor decay time 7, of the third harmonic Bragg peak for
an ordinary glass of TNB (deposited at 337 K, open circles) and for a stable
glass (deposited at 294 K, stars) as a function of annealing temperature. The
thick solid line is a VTF fit to dielectric relaxation measurements of 7, for
supercooled TNB from Richert e al. (Ref. 18). The inset shows the log of
onset time vs annealing temperature for stable glass samples; the onset time
is defined as the time required for S(g;7) to decay to 95% of its initial value.
The value of 7, for the stable glass at 341 K is estimated by linear extrapo-
lation of S(g;1) to long times; S(g;7) decayed 40% in 170 000 s.

well as the substrate temperature.s’6 As discussed below,
variations in the deposition rate during the deposition may
explain the plateaus seen in Fig. 4.

Annealing temperature dependence

In order to determine the influence of the annealing tem-
perature on the evolution of S(q;7), we performed a series of
NR measurements for samples vapor deposited at two tem-
peratures: Ty peae =294 and 339 K. The samples deposited at
294 K represent our most stable samples, while the samples
deposited at 339 K illustrate the behavior of the equilibrium
supercooled liquid.

Figure 5 shows 7, for the third harmonic for the stable
glass (stars, Typerae=294 K) and the supercooled liquid
(open circles, Typsrae=339 K) for annealing temperatures
spanning 7, from 337 to 351 K. For comparison, the solid
line shows dielectric relaxation measurements of the struc-
tural relaxation time 7, for supercooled protio-TNB, as mea-
sured by Richert et al. ' The analysis of the dynamics of the
samples deposited at the higher temperature, including cal-
culations of translational diffusion coefficients, has been pre-
viously discussed.”” At all annealing temperatures, the
samples deposited at 294 K show substantially slower mix-
ing of the protio- and deuterio-TNB; mixing in stable glasses
typically requires annealing about 30 times longer than for
the supercooled liquid. For the stable glass, 7, is 3007, at
342 K (=T,) and 30007, at 351 K.

The inset in Fig. 5 shows the onset time, during which
these stable glasses could be annealed with no molecular
motion apparent at the annealing temperature. The molecules
in these glasses are packed so tightly that no translational
motion was observed for a full day at 341 K, exceeding 7,
by two orders of magnitude.

The longest annealing times at lower temperatures led to
a small degree of crystallization of both stable and ordinary

J. Chem. Phys. 128, 214514 (2008)
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FIG. 6. Time dependent structure factor for the third harmonic for
multilayer films deposited at 337 K and annealed at 342 K. Open circles are
for a film with a 10 nm gold coating evaporated onto the top surface, while
squares are the identical film with no coating. The solid line is a single
exponential fit with 7,,,=6700 s.

glasses. There was some variability between samples, but the
total crystallinity did not exceed 5% of the surface area, as
measured by optical microscopy. Previous studies'? have
suggested that this does not influence the observed neutron
reflectivity curves and additional tests confirmed this. Two
identical samples were prepared at Ty pgaie=337 K and, sub-
sequently, one was coated with a 10 nm evaporative gold
surface layer. Reflectivity data indicated that the film struc-
ture was unperturbed by the gold coating. The gold capping
layer completely quenched the crystallization process with
no detectable crystallites after 9 h of annealing at 342 K.
Figure 6 indicates that the third harmonic S(g ;) decays iden-
tically for the two films, showing that neither crystallization
nor gold coating has a significant effect on the results re-
ported here. All of the data presented in Figs. 2-5 and 7-9
were acquired on samples without gold coating except for
the stable glass sample at the lowest annealing temperature
in Fig. 5.

Wavevector dependence of structural evolution

An important feature of NR data like that shown in Fig.
3 is that it simultaneously describes the structural reorgani-
zation of our multilayer samples over a range of length
scales. Here, we describe the systematic influence of the sub-
strate temperature on the wavevector dependence of the
structural reorganization.

Figure 7(a) shows the decay of the third and fifth har-
monic Bragg peaks for a sample prepared at Tpeirae
=337 K and annealed at 342 K; the solid lines are exponen-
tial fits to the data. The fifth harmonic decays more than
twice as fast as the third harmonic, which indicates that ho-
mogenization of the sample on the 12 nm length scale occurs
more rapidly than on the 20 nm length scale. This behavior is
semiquantitatively consistent with Fickian diffusion, as re-
ported earlier,'” with S(¢;7)/S(q;0) ~exp(—¢*Dt). The inset
shows the concentration profile for a protio-/deuterio-TNB
interface obtained by fitting the NR data at several times; the
plotted curves are the averaged concentration profile of the
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nine interfaces in the interior of the film. These concentration
profiles are qualitatively consistent with the Gaussian broad-
ening expected for Fickian diffusion.

Glasses prepared by deposition onto substrates at 294 K
show quite different behaviors, as indicated in Fig. 7(b). All
harmonics up to the 13th harmonic decay with the same time
dependence; the third through ninth harmonics are shown in
Fig. 7(b). Translational motion is highly non-Fickian and is
remarkably invariant with length scale. The inset shows the
average protio-/deuterio-TNB concentration profile for the
nine interior interfaces at various times as obtained by fitting
the reflectivity curves. In contrast to the behavior shown in
Fig. 7(a), at least some sections of the interface remain quite
sharp until S(g;r) has decayed to nearly zero. It is straight-
forward to illustrate that such concentration profiles must be
the proper description of the interface structure. The Fourier
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FIG. 8. X-ray reflectivity data (open squares) and fit (solid line) for a sample
deposited at 277 K. The total film thickness was 345.4* 0.5 nm, with an
air/TNB interfacial roughness of 1.0 nm. The inset shows an expanded re-
gion for clarity.
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transform of a wavevector-independent function, such as the
decay function for the harmonics shown, is a delta function
in space. The interfacial profile is the integral of this sharp
distribution function, which is consistent with the concentra-
tion profiles that result from fitting the NR data. For these
samples, the reduction in S(g;#) primarily results from a de-
crease in the size of the sharp concentration step at the inter-
face. The most likely mechanism for the observed structural
evolution involves the growth of supercooled liquid regions
into the matrix of the stable glass, as we discuss below.
Figures 7(c) and 7(d) plot S(g;t) for samples prepared
on substrates at 242 and 192 K, respectively. The sample
deposited at 242 K shows behavior that is intermediate be-
tween Figs. 7(a) and 7(b); the higher harmonics decay faster

1.0204 equilibrated ————*= ]
supercooled liquid
1.016 1 -
1.0121 % % % .
o
Q %
~
Q. 1.008 % E
1.004 1 + E
1.000 T T T T T L T
240 260 280 300 320 340
Tsubstrate (K)

FIG. 9. Densities of as-deposited TNB glasses relative to the density of the
ordinary glass as a function of substrate temperature during deposition.
Squares indicate deposition at a rate of ~2.5 A/s, while circles indicate
deposition at ~1.2 A/s. The solid line is a calculation of the expected
density if the films had been deposited directly into the supercooled liquid
state.
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than the lower harmonics but the difference is much smaller
than the ¢~2 dependence predicted by Fickian diffusion. Fi-
nally, the sample prepared at 192 K shows a much faster
decay for the fifth harmonic than for the third harmonic.

The data shown in Figs. 7(b)-7(d) were acquired during
annealing at 345 K, while the data shown in Fig. 7(a) were
acquired at 342 K. Data for samples like those shown in Fig.
7(a) were also acquired at 345 K, but S(g;#) decays so rap-
idly that it is difficult to quantitatively analyze the data. The
slightly different temperatures used for the experiments
shown in Figs. 7(a)-7(d) do not affect the rates at which the
various harmonics decay relative to each other.

Density

In conjunction with the reported measurements of trans-
lational mobility, we have characterized the thermodynamic
properties of our stable glasses. The enthalpy has been ob-
tained from calorimetric experiments.5 To determine the den-
sity of these multilayer TNB samples, we have used XR to
measure the thickness of the as-deposited films before and
after annealing above T,

Figure 8 shows XR data for TNB vapor deposited at
277 K prior to annealing. These data were recorded at room
temperature and fitted up to ¢=0.21 A~', but only a portion
of the data is shown in the figure for clarity. The inset shows
an expanded region of the data and fit. The oscillations are
Kiessig fringes, which result from interference between x-ray
radiation reflected by the air/TNB and TNB/silicon inter-
faces. Fits to these data also take into account the thin SiO,
layer on the silicon wafer and roughness of the interfaces.
For this sample, the fit gives a total film thickness of
345.4*0.5 nm. After annealing this sample at 345 K for
1 day, NR data showed that the concentration profile was
fully relaxed and we assume that the film had reached the
equilibrium supercooled liquid state. The sample was cooled
back to room temperature and a second XR curve was ac-
quired. The inverse of the ratio of these thicknesses is equal
to the ratio of the densities for the as-deposited and ordinary
glass.

Figure 9 shows the measured density ratio of the as-
deposited glass and the ordinary glass for substrate tempera-
tures between 342 and 242 K, with all of the thickness mea-
surements performed at room temperature. The samples
shown as squares were vapor deposited at about 2.5 A/s,
while the open circles indicate a rate of about 1.2 A/s. Both
series of samples show that the densities of vapor-deposited
glasses increase with decreasing substrate temperature down
to 294 K. At even lower deposition temperatures, the trend is
reversed. Note that the substrate temperature that maximizes
the density also results in the slowest translational motion
(Fig. 4). While the two sets of samples in Fig. 9 agree quali-
tatively, higher densities were measured for glasses deposited
at lower deposition rates. It has recently been shown that, in
this temperature regime, lower deposition rates lead to
glasses with lower enthalpy and higher kinetic stability;6 it is
reasonable that these properties would be associated with
more dense molecular packing.

All of the TNB samples prepared by vapor deposition
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had measured densities at least as large as the corresponding
ordinary glass. Since all of the XR measurements were per-
formed at room temperature, we cannot exclude the possibil-
ity that density changes occurred in the as-deposited films
prior to measurement. For the lowest temperature point at
242 K, it is possible that the as-deposited glass was lower in
density than the ordinary glass but that densification oc-
curred during the 2 days that this sample was held at room
temperature before measurement.

The solid line in Fig. 9 is the density expected for a
supercooled liquid in equilibrium at the deposition tempera-
ture. It is based on an extrapolation of the density data for the
supercooled liquid with a correction for the geometry of
these experiments. A thin glassy film in contact with a rigid
substrate undergoes deformation during temperature changes
if the substrate has a different thermal expansion coefficient
than the glass. For these experiments, the thermal expansion
coefficient of the silicon wafer is negligible and a TNB glass
is placed in tension during cooling. As described by Bauer et
al.,19 the thickness of a glass film under these conditions
depends on Poisson’s ratio v. Changes in the thickness with
temperature are calculated by using the following relation-
ship: agps=a,(1+v)/(1-v), where ay, is the observed lin-
ear thermal expansion coefficient normal to the substrate and
a, is the usual constant pressure linear expansion coefficient.
For this calculation, we assume »=0.33 in the glass. In cal-
culating the line shown in Fig. 9, we assume that the super-
cooled liquid leaves equilibrium at 345 K upon cooling; this
is reasonable given that most of these samples were cooled
relatively quickly from this temperature.

The close agreement between the solid line in Fig. 8 and
the density ratios for the more slowly deposited samples
(circles) indicates that these materials were prepared with
densities close to that of the equilibrium supercooled liquid.

DISCUSSION

Mechanism of stable glass formation

We have shown elsewhere®® that stable glasses can be

prepared with vapor deposition because dynamics at the
glass surface can be many orders of magnitude faster than
dynamics in the bulk.?>** Molecules within a few nanom-
eters of the surface have time to find low energy packing
configurations before they are buried by further deposition.
All of the data presented here support this mechanism. Both
the kinetic stability (Fig. 4) and the density (Fig. 9) of TNB
glasses are maximized when the substrate temperature is
0.85T,. Similar behavior has been observed in differential
scanning colorimetry (DSC) measurements on vapor-
deposited indomethacin. In this case, the onset temperature
for mobility was maximized for a substrate temperature of
0.85T,. When substrates are held at higher temperatures very
near T, surface equilibration should be very rapid and nearly
complete. We expect to form glasses in this regime whose
properties are essentially those of an equilibrium supercooled
liquid at the substrate temperature; these materials are as
stable as they can be (without crystallizing). As the substrate
temperature is lowered, surface mobility slows to the point
that equilibration during vapor deposition is far from
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completion. At the lowest substrate temperatures, the sub-
strate is so cold that the surface is no longer mobile. Mol-
ecules then hit the surface and stick without any rearrange-
ment creating low density, low stability films. Deposition
between these two extremes maximizes the effects of the
enhanced surface mobility and thus creates the most stable
glasses.

Although we have not varied the deposition rate across a
wide range in this study, over a limited range we find results
that support the surface mobility mechanism. Lower deposi-
tion rates provide more time for surface equilibration6 and
thus lead to glasses with higher density, as shown in Fig. 9.

Although surface heating is not the focus of this current
study, it is instructive to rule out the possibility of surface
heating during vapor deposition as a mechanism for the en-
hanced mobility, leading to stable glasses. The total thermal
energy incident on the film can be calculated from the ad-
sorbing vapor phase molecules and from radiative heating
due to the vaporization crucible. For the thin films studied
here, the resulting thermal gradients normal to the film
would be at most a few millikelvins. Additionally, the DSC
data presented elsewhere indicate that lower crucible tem-
peratures lead to more stable glasses.6 This result contradicts
the hypothesis that stability results from a temperature gra-
dient in the film.

Isothermal kinetic stability of stable glasses

Some of the vapor-deposited TNB glasses show a re-
markable isothermal stability and here we make a compari-
son with the aging experiments of Kovacs on
polyvinylacetate.4 The most stable sample that Kovacs pre-
pared was annealed for nearly 2 months at 298 K
(~T,~10 K). Upon heating to 313 K, the volume of this
sample recovered to its equilibrium volume in a time that is
equal to 30 times the structural relaxation time 7, at 313 K
(as estimated from the volume response after minimal an-
nealing at 298 K). This ratio of the equilibration time to 7, is
a reasonable figure of merit for isothermal kinetic stability.
Figure 7(b) shows a TNB sample in which no detectable
molecular motion occurred for 10 000 s during annealing at
345 K. At this temperature, 7, is 80 s as measured by dielec-
tric relaxation. Thus, this TNB sample showed no indication
of even beginning relaxation toward equilibrium for a time
exceeding 1007,. This rather conservative comparison indi-
cates that vapor-deposited TNB samples have greater kinetic
stability than traditional glasses that have been annealed be-
low T, for very long times.

Mechanism of the glass-to-liquid transformation

In this section, we discuss the mechanism by which an
extremely stable glass is transformed into a supercooled lig-
uid upon heating above T,. For the experiments reported
here, the stable glass has a density which exceeds that of the
supercooled liquid by ~1.5% (Fig. 9). Furthermore, the
stable glass is about 10 J/g lower on the potential energy
landscape than the supercooled liquid.6 Thus, in comparison
to the supercooled liquid, the molecules in the stable glass
are tightly packed into low energy configurations. It is diffi-
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cult for them to escape this packing and find configuration
characteristics of the supercooled liquid. Qualitatively, this
explains the observation that the stable glass can persist more
than 1007, without any indication of transformation to the
supercooled liquid. This separation of time scales provides a
new opportunity to study the glass-to-liquid transformation.
When an ordinary glass is heated to T,, the transformation
process occurs on the same time scale as liquid relaxation,
obscuring the distinction between these processes. In con-
trast, stable glasses allow the transformation process to be
studied without this interference.

We draw inspiration for describing the stable glass-to-
liquid transformation from experiments where a system at
thermodynamic equilibrium is “jumped” into a different re-
gion of the phase diagram. For example, when the tempera-
ture or pressure of a polymer blend in the one phase region is
suddenly jumped into the two phase region, the system re-
sponds in one of two ways. Either the blend immediately
begins to phase separate everywhere in the sample (spinodal
decomposition) or phase separation proceeds by nucleation
and growth.23’24 In this latter case, small regions, whose
compositions are at or near the new equilibrium composition,
grow into the homogeneous liquid. Nucleation sites can ei-
ther be distributed throughout the sample or nucleation can
preferentially occur at surfaces and interfaces. For a one
component system, a somewhat analogous situation is the
superheating of a crystal. The liquid phase appears first at the
surface of the crystal and then grows toward the interior until
the phase transformation is complete.25 Experiments and
simulations indicate that crystals can be superheated consid-
erably above their melting points if surface nucleation can be
p1rev<ented.26’27 In loose analogy to a superheated crystal, our
stable glasses have been “superheated” when the temperature
is increased above T,; eventually, the glasses melt into the
supercooled liquid. The stable glass-to-liquid transformation
is not completely analogous to the examples above since the
stable glass is not a metastable state. Nevertheless, we as-
sume that spinodal decomposition or a process with a growth
front are the only plausible mechanisms for the transforma-
tion of the stable glass into the supercooled liquid.

The decay of S(g;t) for various harmonics of our
multilayer stable glass samples, as shown in Fig. 7(b), indi-
cates that the stable glass-to-liquid transformation likely oc-
curs by growth of the liquid into the stable glass. All Bragg
peaks, for the 3rd—13th harmonics, require longer than
80 000 s to decay to zero [only the third to ninth are shown
in Fig. 7(b) for clarity]. Thus, molecules in some portions of
the sample have moved less than the 5 nm length scale
probed by the 13th harmonic (¢=0.13 A~') during the full
annealing time. These portions of the sample cannot be in the
liquid state. Figure 7(a) shows that even the fifth harmonic of
the supercooled liquid has decayed to zero at times much
earlier than 80 000 s. This feature of the data tells us that
translational motion in the stable glass is very slow and gives
an upper bound on the diffusion coefficient [D =~ (¢*7)~'] in
the stable glass of ~107!° cm?/s at 345 K. This is an upper
bound because it is possible that no motion occurs in the
stable glass on the 80 000 s time scale and that all the decay
of S(g;1) can be attributed to the melting of the glass into the
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ordinary glass stable glass

= =

FIG. 10. Schematic view of structural evolution for a multilayer film of an
ordinary glass and a stable glass. The ordinary glass evolves by Fickian
diffusion, with Gaussian broadening of the interfaces due to translational
diffusion. In contrast, the stable glass evolves by the growth of liquid re-
gions (growth indicated by small arrows). The center pathway shows the
growth of liquid bubbles from the interior of the film. The right pathway
shows liquid growth beginning at the free surface and the interface with
silicon with subsequent growth of the liquid phase toward the center of the

film. Consistent with the NR results, both stable glass scenarios maintain
some sharp protio/deuterio interfaces even at long times.

or

liquid. For comparison, based on Figs. 5 and 7(a), we esti-
mate D for the supercooled liquid at 345 K to be about 500
times larger than this estimate for the stable glass, which is
consistent with an earlier study12 in this g range.

The simultaneous decay of S(g;7) for all wavevectors in
the range corresponding to the 3rd—13th harmonics of our
multilayer structures allows us to estimate the size of the
liquid regions that are growing into the stable glass. The
third harmonic decay describes mixing on the 20 nm length
scale, and thus, at the point where an appreciable fraction of
the stable glass has transformed into the liquid, the liquid
regions are 20 nm or larger.

Figure 10 schematically illustrates our explanations for
the decay of S(g;1) that occurs when an ordinary glass and a
stable glass are annealed above T,. The left side of the figure
illustrates Fickian diffusion; we use this as an approximate
model for translational motion in the supercooled liquid that
forms immediately upon heating the ordinary glass. As dis-
cussed above, Fickian diffusion gives rise to a wavevector
dependent decay with S(g;t)*¢g~2. The right side of Fig. 10
presents two possible liquid growth models for the transfor-
mation of the stable glass into the supercooled liquid. The far
right pathway shows liquid regions at the top and bottom of
a thin film growing into the interior of the stable glass. The
center pathway represents “bubbles” of the supercooled lig-
uid growing into the stable glass. Both stable glass scenarios
show that sharp protio/deuterio interfaces remain in the
sample even after a substantial portion of the stable glass has
transformed into the liquid, which is in agreement with the
concentration profiles shown in the inset of Fig. 7(b). It is the
persistence of this sharp interface that explains the wavevec-
tor independence of the decay of S(g;7) as discussed above.
As a consistency check, we note that translational motion in
the supercooled liquid is sufficiently fast to thoroughly mix
protio- and deuterio-TNB on the 20 nm length scale on the
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time scale of 10* s. Thus, we portray the liquid regions in the
stable glass scenarios of Fig. 10 at a uniform contrast level
intermediate between the protio- and deuterio-TNB.

Of the two growth scenarios shown on the right side of
Fig. 10, we tentatively favor liquid growth from the top (free
surface) and bottom (substrate) interfaces. When we freely fit
the NR curves from Fig. 7(b), the concentration profiles at
intermediate times show substantial mixing at the top and
bottom of the multilayer films with unperturbed concentra-
tion profiles in the center of the film. It is also possible to fit
the reflectivity data to a simple bubble growth model but this
fit is not as good. The surface growth mechanism can also
provide a tentative interpretation of the multiple plateaus
seen in the decays of S(g;t) for the most stable glasses (Fig.
4). As described in the Experimental section, the deposition
rate was modulated as the multilayer samples were prepared;
a series of layers of more stable glass would be expected to
result and these could temporarily slow the growth of liquid
toward the interior of the film.

The glass-to-liquid transformation mechanism may be
analogous to the surface directed spinodal decomposition
seen in thin films of some isotopic polymer mixtures.”® Dur-
ing annealing, phase separation is directed by the free surface
such that structure propagates into the film several hundred
nanometers. In these cases, surface initiation of an oriented
structure is due to the lower energy of the deuterated species
at the free surface.

We do not claim that the data presented here unambigu-
ously establish that the growth of liquid regions is the correct
mechanism for the transformation of the stable glass into the
supercooled liquid. However, the wavevector independence
of the decay of S(g;f) demands that sharp protio/deuterio
interfaces remain in the sample until the very last stages of
the transformation. The growth of liquid regions into the
stable glass seems to be the most reasonable interpretation of
this feature. The only alternative of which we are aware
would be extremely non-Fickian diffusion.”?" Models of
this type have been developed to describe diffusion in equi-
librium supercooled liquids and take into account spatial het-
erogeneity in dynamics. Simulations provide evidence that
on sufficiently small length scales such models are realistic
for equilibrium supercooled liquids.31 The current NR data is
broadly consistent with this view or with either of the models
shown on the right of Fig. 10. Further experiments should
distinguish between these possibilities.

A “growth” mechanism for transforming a stable glass
into the supercooled liquid would be broadly consistent with
a number of different scenarios. Kurita and Tanaka®® and
Matyushov and Angell33 have argued that fragile liquids un-
dergo a first-order liquid/liquid transition near T,. If the
stable glasses of TNB are associated with a different liquid
than the easily accessible supercooled liquid, then the trans-
formation observed here would be similar to the nucleation
and growth reported by Tanaka in triphenylphosphite. Garra-
han et al.>* have argued that kinetically constrained models
of glass formers have dynamics at a first-order coexistence
line between active and inactive phases. The stable glasses of
TNB may be similar to the inactive phase in this picture and
the active phase could appear by growth from the surface.
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More generally, the kinetics we report could be considered to
be exaggerated versions of the autocatalytic volume
recovery3 > observed when moderately stable polymer glasses
are heated above T,.

CONCLUSIONS

The very slow transformation kinetics of stable glasses
produced by vapor deposition, relative to the structural relax-
ation time of the liquid, provides a new opportunity to un-
derstand the mechanism of the glass-to-liquid transforma-
tion. By preparing isotopically labeled multilayer samples of
tris(naphthylbenzene), we can directly observe translational
motion near 7, on the 5-20 nm length scale. Deposition
within a few kelvins of 7, produces the ordinary supercooled
liquid; subsequent annealing generates the broad interfaces
characteristic of Fickian diffusion. In contrast, deposition
onto a substrate at 0.857, produces highly stable glasses.
Some sharp interfaces remain in these samples even after
annealing has transformed most of the stable glass into the
supercooled liquid. The experimental results are consistent
either with the growth of the supercooled liquid into the
stable glass from the film surfaces or with bubble growth
in the interior of the film. Similar mechanisms may be rel-
evant whenever an even moderately stable glass is heated
above T,.
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